Polymer electrolyte fuel cells have several characteristics that make them an attractive power source for transportation applications. In particular, they can operate on a direct feed of liquid methanol, which allows vehicle refueling to be no more labor intensive than for a spark ignition engine that runs on gasoline. A methanol/water solution is the fuel to the anode and oxygen or air to the cathode, producing the overall reaction CH 3 OH ϩ 1.5 O 2 r CO 2 ϩ 2H 2 O [1] Polymer electrolyte membrane (PEM) fuel cells operate at low temperatures, usually between 60 and 100ЊC, and consequently require shorter start-up times than higher temperature fuel cells. The fuel efficiency of a PEM fuel cell, fed by methanol, can be higher than an internal combustion engine because the chemical energy in methanol is directly converted to electrical energy. The methanol feed, PEM fuel cell can be divided into seven segments (Fig. 1) . The two outer segments are graphite-plate current collectors with flow channels for reactants and products to enter and exit the cell, respectively. The adjacent segments are electronically conducting porous layers that allow for even distribution of reactants to the anode and cathode. The porous layer on the anode side is a hydrophilic carbon paper while the cathode side contains a hydrophobic carbon cloth. Silicon gaskets are inserted to prevent the cell from leaking. The anode and cathode are hot-pressed onto an ionselective polymer electrolyte membrane to construct the membrane electrode assembly (MEA) in the center of the fuel cell. Figure 2 is the expanded view of the MEA. Figure 3 presents a schematic of the anode side of the fuel cell, which is the subject of this paper. As shown in the figure, liquid methanol and water enter through an inlet in the current collector. The reactants flow through channels that are machined into the graphite current collector. The fuel transports through an electronically conductive diffusive carbon paper. This carbon paper evenly distributes the reactants to the anode at x ϭ 0. Once the water and methanol reach the anode, a series of transport processes occurs within the electrode before the following electrochemical reaction takes place (ri is used as a subscript to denote a parameter's association to a specific reaction) ri ϭ I CH 3 OH ϩ H 2 O r CO 2 ϩ 6H ϩ ϩ 6e Ϫ [2] Figure 1. Schematic of a methanol feed, polymer electrolyte fuel cell.
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The anode in Figure 3 is the type that has Nafion impregnated into the catalyst pores. Nafion impregnation means that the surface of the catalyst structure is coated with a thin layer of a solid polymer electrolyte (shaded regions between x ϭ 0 and x ϭ L) when Nafion is incorporated into the fabrication technique. Nafion impregnation has produced an anode with an order of magnitude less catalyst without sacrificing fuel cell performance. 1 Impregnation of solubilized Nafion in the electrode allows more of the reaction sites to be available due to the necessity of the catalyst to be in close physical contact with a hydrogen-ion-conducting electrolyte. This contact facilitates the mass transfer of hydrogen ions from the active site. The anode considered in this work is an "ink-type" electrode, and a description of its manufacturing can be found in the literature. 2, 3 The porous ink electrode contains a solid matrix and a solid polymer electrolyte (referred to as the "bond layer" of the anode), with liquid feed that penetrates the pores.
As shown in Fig. 3 , water and methanol transport through the carbon paper into the liquid-filled pores of the anode (unshaded regions between x ϭ 0 and x ϭ L). The species diffuse from the liquid pores into the polymer electrolyte bond layer. The reactants are then transported to the catalytic site where the electron-transfer reaction occurs (Eq. 2). The catalyst is a connected network of electrically active particles (known as the matrix layer) that are partially coated by an ionselective membrane (known as the bond layer), as depicted in Fig. 4 . The catalyst conducts electrons from the electrochemical reaction (Eq. 2) to an external circuit by way of the carbon paper and the current collector. The hydrogen ions that are produced in Eq. 2 remain in the bond layer. Hydrogen ions are carried through the bond layer of the anode, in the x-direction, to the proton-conducting PEM. The anodic reaction is kinetically limited, which can result in unreacted methanol and water passing through the membrane to the cathode, otherwise known as methanol crossover. Carbon dioxide, a product of the anodic reaction, will either diffuse through the membrane to the cathode or back diffuse through the carbon paper.
The two predominant issues that hinder the application of direct methanol fuel cell (DMFC) technology are poor kinetics of methanol electro-oxidation on the anode catalyst and crossover of methanol from the anode to the cathode. The effects of these two phenomena can be minimized when the anode structure promotes maximum catalyst usage and does not require methanol to be supplied in excess. In this work, the anode in a DMFC is modeled using porous electrode theory. 4 The major contribution of this work is the detailed treatment of a three-phase polymer electrolyte anode fed with a liquid methanol/water solution. A sensitivity study is presented to determine critical parameters affecting the performance of the anode.
Relevant Literature Models
Water management in the membrane has been the focus of most polymer electrolyte fuel cell models because the PEM must remain hydrated for proper fuel cell operation. [5] [6] [7] When hydrogen or a vaporized methanol/water solution is used as the fuel, hydration of the perfluorinated membrane is a serious concern. The conductivity of the membrane is directly proportional to its level of hydration. If the membrane dries out, the fuel cell cannot operate. When the fuel is liquid methanol and water, our model shows that hydration of the membrane is not a problem.
Transport of methanol from the anode to the cathode results in a "chemical short" that can dramatically lower fuel cell performance. In the work presented here, methanol can transport through the membrane by diffusion and electro-osmotic drag. The diffusion coefficient of methanol in Nafion is based on Verbrugge's work. Verbrugge developed a simple diffusion-only model of methanol through a PEM, assuming dilute solution theory and no significant concentration-dependent methanol-membrane interactions. 8 After validation with experimental data, Verbrugge proved that methanol diffused through the membrane almost as readily as in a dilute solution of water. The electro-osmotic drag term for methanol is based on Fuller's concentrated solution theory model of a PEM. 9 A quantitative term for the electro-osmotic drag of water was derived from the frictional coefficient of water and hydrogen ions. The same relationship has been developed for methanol in our model. Scott et al. 10 present a fairly simple model for a low-temperature PEM fuel cell with a vaporized methanol/oxygen feed. The purpose of this model is to determine the effect of methanol crossover on the cell voltage. The flux of water and methanol in the membrane is modeled using Fick's law and a linear concentration gradient through the thickness of the membrane. The anode in our work is more detailed kinetically and structurally. The anodic reaction is modeled with the Butler-Volmer expression rather than Tafel kinetics, which is less accurate at lower current densities. Our work treats the anode as a porous matrix coated with a polymer electrolyte that has void spaces for the liquid methanol/water solution. Scott et al. treats the pores as if they are filled with solid polymer electrolyte, eliminating any void volume for the feed to occupy. This approach requires the vaporized methanol feed to access the electrolyte from the back side of the anode (at the carbon paper/anode interface), through a fraction of the anode's geometrical area. This situation could result in membrane dehydration since the access of methanol and water through the anode is limited.
Several parameters in the model presented here are specific to the equivalent weight of the polymer electrolyte. These parameters include the drag coefficients, partition coefficients, and diffusion coefficients of water and methanol, in addition to the conductivity and thickness of the electrolyte. The equivalent weight and the molecular weight of the polymer electrolyte can be perceived as identical quantities. Using the molecular weight of the electrolyte, the concentration of sulfonic acid groups can be calculated. 9 The concentration of hydrogen ions is identical to the concentration of sulfonic acid groups due to the conservation of charge. Bernardi and Verbrugge 11 used the concentration of the electrolyte to estimate an electro-osmotic drag expression. Fuller 9 used the electrolyte concentration to determine implicitly the hydration of the membrane in order to determine a drag coefficient. The parameters ( c , o , K i , D i (2) , o , ␦ m ) in this work are specific to the polymer electrolyte described in this model.
Model Description
The model equations are defined in one direction (x coordinate) through the anode depth. For the movement of water, methanol, and carbon dioxide across the liquid layer/bond layer interface, a pseudo second dimension is defined in the y-direction (see Fig. 5 ). (Figure 5 is a simplified interpretation for the purposes of breaking down the movement of species and describing their transport in the pseudo y- 
The charge numbers of water and methanol, z i , are zero. Therefore, the electrochemical potential gradient for these two species reduces to
The hydrogen ion concentration in the bond layer is equal to the concentration of sulfonic acid groups affixed to the Nafion electrolyte. Electroneutrality dictates that the charge of the hydrogen ions is balanced by the charged groups affixed to the Nafion backbone
The concentration of sulfonic acid groups varies with the equivalent weight of polymer electrolytes. We assume that the equivalent weight of the selected polymer is uniform throughout. The charge balance in Eq. 8 states that the concentration of hydrogen ions (c ϩ(2) ) does not vary through the electrolyte since the concentration of the sulfonic acid groups (c m ) attached to the polymer electrolyte does not vary. Therefore, ٌ ln c ϩ ϭ 0, and from Eq. 6 it follows that the electrochemical potential of the hydrogen ions is only a function of the potential gradient in the bond layer
The equation for the ionic current (i 2 ) can now be written in terms of concentration and potential after substituting Eq. 4, 7, and 9 into Eq. 3
[10]
The applied total current density of the cell (I ) is a known quantity. The ionic current can be calculated from Eq. 10. By conservation of charge, electronic (i 1 ) and ionic current densities (i 2 ) must sum to the total superficial current density
Ohm's Law states that the electronic current in the matrix is proportional to the gradient of the potential in the x-direction. The governing equation for the potential of the matrix ( 1 ) uses conductivity () as the proportionality constant i 1 ϭ Ϫٌ 1 [12] In the model the explicit dependence on i 1 is removed by substituting Eq. 11 into Eq. 12.
Kinetic Equations
The kinetics of the methanol oxidation reaction is related to the ionic current by the Butler-Volmer expression, the governing equation for the ionic current density (i 2 )
The Butler-Volmer exchange current density can be written as a function of the reference exchange current density and the concentration of species in the liquid layer (water, methanol, and carbon dioxide) [14] where ␥, , and can be defined through a proposed reaction mechanism or fitted to experimental data. The reaction rate constants are included in the reference exchange current density (i o ϱ ), measured at a given temperature and reactant concentration. The transfer current density is a function of the surface overpotential. The surface overpotential, which drives the methanol oxidation reaction (Eq. 2) at the anode, is the difference between the potential of the matrix and that of the bond layer compared to the standard potential of the reaction (2) o (2) c (2) c (2) (2)
It is not an actual physical representation of the anode.) Water, methanol, and carbon dioxide diffuse in the x-direction and the pseudo y-direction due to a concentration gradient. Electro-osmotic drag additionally promotes the movement of water and methanol in the x-direction. To understand the proposed movement of species previously described, it is important to realize that the layers in the model are interwoven throughout the porous electrode. The transport of species from the liquid layer, through the bond layer, and to the catalyst surface is treated as a mass-transfer problem. The species concentration in the liquid layer is at a local x value at the center of the pore. In the bond layer the species concentration is considered to be at a local x value adjacent to the matrix surface. The concentration of species i is not accounted for through the thickness of the bond layer or the liquid layer in the y-direction. The species transports from the center of the liquid, in the pore, to the bond layer by way of diffusion in the y-direction. The concentration of species i in the bond layer, adjacent to the bond layer/liquid layer interface, is proportional to its concentration in the liquid relative to a partition coefficient, K i c b i (3) . Ultimately, the bond layer species concentration, adjacent to the matrix, is related to the liquid-layer concentration at the center of the pore (c i (2) ) by an effective mass-transfer coefficient (see Appendix A). The effective mass-transfer coefficient, k ri,eff , includes species diffusion in the liquid, transport from the liquid to the bond layer, and diffusion in the bond layer to the matrix surface. This treatment allows for the transfer of species between the anode layers. The assumptions used in this model are 1. Isothermal conditions. 2. Uniform porosity. 
Ohm's Law Equations
Due to the movement of charged particles, the current in the bond layer can be written 4 [3] Hydrogen ions are the only mobile charged species in the bond layer. The flux equation for hydrogen ions in the bond layer is a function of their electrochemical potential and the electrochemical potential of water and methanol 9 [4] In Ref. 9 an equation similar to Eq. 4 is derived for two species, water and hydrogen ions. The electro-osmotic drag ( i ) is defined as the ratio of the number of species i molecules (i ϭ water or methanol) dragged by a hydrogen ion moving from one charged bond layer group to the next
The gradient of the electrochemical potentials can be written as 4 (2) refers to species in the bond layer and subscript (3) refers to species in the liquid filled pores.] A ninth equation is provided to describe the velocity of liquid in the anode's pores. Three material balance equations are derived for water, methanol, and dissolved carbon dioxide species in the bond layer. Two material balances account for methanol and dissolved carbon dioxide in the liquid layer.
In the bond layer, water and methanol move in the x-direction due to diffusion and electro-osmotic drag. The flux equation describing the transport is written as [17] Soluble carbon dioxide diffuses in the x-direction due to a concentration gradient. The carbon dioxide molecule is nonpolar and is not likely to be influenced by electro-osmotic drag. The flux of CO 2 is written as [18] At a given x location, water, methanol, and soluble carbon dioxide also move between the liquid and the bond-layer phases in a pseudo y-direction due to an assumed electrochemical potential equilibrium i(3) ϭ i(2) for i ϭ H 2 O, CH 3 OH, CO 2 [19] The transport across the bond-layer/liquid-layer interface can be described by reactions II, III, and IV (ri ϭ I refers to Eq. 2)
The mass-transfer relationship, at operating conditions, can be described using an effective mass-transfer coefficient (k ri,eff ) and partition coefficient (K i )
The concentration c i(3) is the concentration of species i at the center of the pore in the liquid layer. The concentration c i (2) is the concentration of species i in the bond layer (at the matrix surface). These concentrations vary only in the x-direction of a given layer. The effective flux of species i, j i,eff , has no dependence on the x coordinate at a local concentration position. The effective flux defined in Eq. 23 describes the rate of mass transfer from the liquid layer to the matrix surface using a pseudo y coordinate. The derivation of Eq. 23 can be found in Appendix A. Mass-transfer contributions in the pseudo y-direction are important for the transport of species to and from the catalyst reaction site.
Once the electrochemical reaction occurs at the matrix/bondlayer interface, water and methanol are consumed while carbon dioxide is formed at a rate given by the equation
o (2) The left side of Eq. 25 and 26 represents the difference between the flux entering and exiting the volume element in the x-direction. The first term on the right side of Eq. 25 and 26 quantifies the flux across the bond-layer/liquid-layer interface in the pseudo y-direction. The second term on the right side of Eq. 25 and 26 is a generation (or consumption) term for the species involved in the electrochemical reaction. Two additional material balances describe the movement of methanol and carbon dioxide in the liquid layer. The liquid phase is modeled using dilute solution theory. Here the solvent is water, and the solutes are methanol and dissolved carbon dioxide. The flux of both solute species is composed of diffusion and convection components. In addition, both species exchange across the bond-layer/liquid-layer interface in the pseudo y-direction, as described previously. The material balances for methanol and carbon dioxide are Eq. 27 and 28, respectively [27] [28]
The convection term in Eq. 27 and 28 is based on the solvent velocity in the liquid layer. The water's velocity can be equal to the bulk velocity of the liquid layer, since water is considered to be the solvent. The flux of water in the liquid layer is equal to the product of its concentration and velocity. Since the concentration of water does not change significantly, the velocity of water can be written as 
Governing Equations and Boundary Conditions
The nine independent equations for the nine dependent variables are listed with each equation's appropriate boundary conditions.
Matrix Layer
1. Ohm's law for dependent
CO CO CO 
) unless CC License in place (see abstract 
Assuming a reference electrode is present at x ϭ L, the potential of the bond layer is set to zero at the interface.
Butler-Volmer kinetic expression for dependent variable
4. Flux balance of water, in the bond layer, for dependent variable
where ␦ m is the thickness of the membrane, and c o(m) is a set concentration of water at the membrane/cathode interface. 5. Flux balance of methanol, in the bond layer, for dependent variable c c(
where c c(m) is a set concentration at the membrane/cathode interface and N c(3) is defined in Eq. 47. 6. Flux balance of carbon dioxide, in the bond layer, for dependent variable c CO 
,I
where N CO 2 (3) is defined in Eq. 50. The flux of species into the bond layer (at x ϭ 0) from the feed stream is a negligible quantity compared to the higher flux of species from the liquid layer into the bond layer. This is due to the high specific surface area of the bond layer in contact with the liquid layer compared to the geometric surface area of the bond layer in contact with the feed stream. The difference between these fluxes could be minimized or reversed if significant carbon dioxide evolution caused the volume fraction shared by the liquid and vapor to become predominantly or wholly occupied by vapor.
The exiting flux from the bond layer (at x ϭ L) is based on diffusion coefficients of species in the membrane and the concentration gradient across the membrane. The membrane and bond layer consist of the same material, and it is assumed that the same diffusion coefficient applies in both regions. In addition, methanol and water have an added influence of electro-osmotic drag from the anode to the cathode side of the membrane. The concentrations of methanol and water are assumed to be fixed at the membrane/cathode interface. Since methanol that crosses through the membrane preferentially reacts at the cathode, the concentration at the membrane/cathode interface is set to zero. The concentration of water on the cathode side of the membrane is considered high enough to maintain membrane saturation. The flux of carbon dioxide exiting the bond layer is based on transport relationships across the membrane and cathode regions. These relationships permit the concentration of carbon dioxide in the cathode effluent to be set to a value. The equation for the exiting flux of carbon dioxide is developed in Appendix B.
Liquid Layer 7. Flux balance of methanol, in the liquid layer, for dependent variable c c(
[47]
8. Flux balance of carbon dioxide in the liquid layer for dependent variable c CO 
In the liquid layer the inlet concentrations of methanol and dissolved carbon dioxide are set by the feed stream composition to the anode. The rate of methanol and dissolved carbon dioxide flux into the polymer electrolyte membrane from the liquid layer (at x ϭ L) is dependent on a mass-transfer coefficient. Because the bond layer and membrane are the same polymer electrolyte material, the concentration of species i at the membrane side of the liquid-layer/membrane interface is the same as the concentration of species i on the bond-layer side of the bond-layer/membrane interface (c i(2) ).
9. Velocity of water
The velocity of water at the liquid-phase/membrane interface is set equal to the flux of water at x ϭ L, divided by its concentration. ⑀ o (3) o (3) o(3) 
Sensitivity Analysis
A sensitivity analysis was used to determine the model parameters that most influence the performance of the anode. The method used in this paper is patterned after a study done by Kimble and White. 12 The model was first fitted with kinetic parameters from experimental data that indicate the anodic performance of a methanol-fed, polymer-electrolyte fuel cell (Fig. 6) . The experimental data were obtained from a methanol-fed, polymer-electrolyte fuel cell operated with a hydrogen-producing cathode. (In an operational fuel cell, water is produced by the oxygen reduction reaction on the cathode.) The cathode was treated as a reversible hydrogen electrode (RHE) by supplying it with hydrogen gas at 1 atm. In this manner the cathode polarization is minimized. Based on a full DMFC model to be presented in a future paper, results indicate that the anode will remain hydrated with a 2 M methanol feed. Full-fuel-cell model predictions suggest that the anode of a methanol/hydrogen fuel cell will perform similarly to the anode of a methanol/oxygen fuel cell. The experimental data obtained from the described methanol/hydrogen fuel cell were corrected to reflect the potential drop in the anode. The potential loss across the membrane is subtracted using an Ohm's law relationship. The remaining potential losses in the data are attributed to the anode. The model prediction fits the data to a standard deviation of approximately 9 mV. In Fig. 6 the most active range for anodic methanol oxidation is between 0.5 and 0.6 V vs. RHE. Our data are consistent with previously determined potential regions for methanol oxidation on a platinum-ruthenium catalyst surface. [13] [14] [15] Currents closely corresponding to this operating range, 0.1-1.0 A/cm 2 , were used as the sensitivity limits. The parameter values in the model, used to fit the data, are considered the "base-case" parameter values.
To determine a sensitivity coefficient, each base-case parameter value was singularly increased 5% while all other parameters were held at their base-case values. The resultant cell potential and increased parameter value were combined as follows to determine the sensitivity coefficients in units of volts [53] where j is the 5% increased parameter value, 1 is the resultant potential, j * is the base-case parameter value, and symbol 1 * is the predicted cell potential when all the base-case parameters are employed. The tested parameters and their base-case values are listed in Table I . The model is most sensitive to variations in the anode thickness, the bond layer's conductivity, the anodic transfer coefficient, and the product of the exchange current density and specific surface area associated with the methanol oxidation reaction. Positive values of the sensitivity coefficient indicate higher polarization.
The sensitivity of the model predictions to the conductivity of the bond layer can be explained using the sensitivity curve generated in Fig. 7 . Sensitivity coefficients are calculated using the higher intrinsic conductivity of the bond layer ( o ϭ 1.05 o *) plotted over the corresponding operating range of currents. This curve suggests that the model prediction is more sensitive to the conductivity of the bond layer at higher current densities, because the sensitivity curve deviates more strongly from zero at increased currents. This is explained by the fact that kinetic polarization becomes less of a factor than ohmic resistance at higher currents. Figure 8 illustrates the varying effects associated with increasing the anode's thickness. [The base-case thickness was measured by scanning electron microscopy (SEM).] Increasing the thickness of the anode affects its performance in two conflicting ways. The area for exchange of current between the bond layer and the matrix increases (ai o ). This effectively reduces the local current density and therefore, the local polarization. Increasing the distance through which the current must flow results in an additional potential drop across the electrode. Additional ohmic drop results in a more positive value of the sensitivity coefficient at higher currents. Thicker anodes not only have large ohmic potential drops at higher currents but also result in a poorly used electrode and wasted catalyst.
The model predictions are most sensitive to the kinetic parameters in the Butler-Volmer expression. The base-case values for these parameters were fitted to the experimental data in Fig. 6 . The 
0.8 Figure 7 . Sensitivity of the model predictions to the conductivity of the bond layer.
S0013-4651(97)12-114-0 CCC: $7.00 © The Electrochemical Society, Inc. curves in Fig. 9 and 10 indicate that increasing the kinetic parameters results in negative sensitivity curves indicative of a lower ohmic drop across the anode. In Fig. 9 the ai o term (the product of the exchange current density and the matrix-to-bond layer specific surface area) has been increased 5%, and the sensitivity curve indicates a decrease in potential uniformly through the entire current range. The sensitivity curve is nearly flat because the transfer current into the matrix is mostly uniform throughout the anode for all current densities. This is due to the already large kinetic polarization. Figure 10 shows the sensitivity of the potential drop to the anodic transfer coefficient of the Butler-Volmer expression. The model prediction is almost an order of magnitude more sensitive to the anodic transfer coefficient than to any other model-sensitive parameter. This is due to the exponential dependence of the Butler-Volmer expression on ␣ a (in all cases, ␣ a ϩ ␣ c ϭ 6).
The sensitivity analysis was used to determine which parameters need to be measured most accurately to yield a valid prediction of the anode's polarization. The model predictions varied negligibly for the other parameters in Table II when increased 5%. The model is very sensitive to variations in temperature. The temperature analysis is not provided here due to an incomplete set of parameter values at different temperatures. This sensitivity indicates that it is important to evaluate correctly model-sensitive parameters at the operating temperature. Overall, the sensitivity analysis shows that the electrode performance is more limited by reaction polarization than mass-transfer limitations, especially in the range of 0.5-0.6 V vs. the hydrogen reference electrode. It should be noted that the electrode simulated in this study was not optimized but was merely a case study of a working anode with direct methanol feed in a PEMFC.
Additional Results from Model Predictions As mentioned previously, the loss of cell voltage due to the crossover of methanol from the anode to the cathode is a critical issue to the advancement of methanol-fed, polymer-electrolyte fuel cells. The following model predictions were obtained for the previously described anode in a fuel cell operated at 0.5 A/cm 2 . In Fig. 11 the concentration of methanol in the liquid layer is shown to decrease by approximately 0.01 M across the thickness of the anode. The concentration of methanol in the bond layer (Fig. 12) decreases slightly due to Eq. 2 but is still at a very high percentage of its inlet concentration (for
The methanol is supplied in such excess that a 1.99 M solution is available in the liquid layer and a nearly 1.37 M concentration in the bond layer at the anode/membrane interface (x ϭ L). To predict the methanol crossover, we use the model-predicted methanol concentrations adjacent to the membrane and assume any methanol contacting the cathode is immediately burned or electrochemically consumed in a working PEMFC. At an applied current of 0.5 A/cm 2 , the electrode described in this paper has a ratio of 0.8 for the flux of methanol (due to diffusion and electroosmotic drag) to the flux of protons across the membrane. These calculations are based on a PEMFC with the same material transport properties in the bond layer as the membrane. The production of carbon dioxide gas within the anode can cause a loss of anodic performance. Trapped gas in the anode's pores limits access of liquid fuel to the catalyst and renders the sites inactive. With enough gas evolution, the hydration of the bond layer decreases, and the ohmic drop across the anode increases significantly. The model can be used to calculate the fuel flow rate needed to sweep carbon dioxide away from the face of the anode at a rate fast enough to keep the carbon dioxide concentration within the pores and bond layer below the gas solubility limit. At 70ЊC, the solubility limit for carbon dioxide in the liquid layer is 1.4 ϫ 10 Ϫ5 mol/cm 3 . 16 The model demonstrates that if the carbon dioxide concentration at the anode face is kept below 9.0 ϫ 10 Ϫ6 mol/cm 3 , the liquid volume's carbon dioxide concentration does not exceed the solubility limit at currents as high as 1 A/cm 2 . The fuel volumetric flow rate can then be calculated using the flux of the methanol/water solution at the face of the anode, the carbon dioxide concentration, and the geometrical surface area of the electrode. For a 5 cm 2 anode, a fuel flow rate of 37 cm 3 /min is needed to prevent carbon dioxide gassing at 1 A/cm 2 .
In a porous electrode, the current is transferred from the matrix to the bond layer, and the sum of the two is always equal to a constant (see Eq. 11). An even transfer of current from the matrix to the electrolyte through the depth of the electrode indicates that the reaction rate is uniform, and that the electrode is being fully used for the oxidation of methanol. Figure 13 shows the reaction distribution is fairly uniform through the electrode. Such a distribution typically signifies an electrode that is kinetically limited. At lower applied currents the reaction would be even more uniform. This overall analysis points to a need for higher-surface-area catalysts.
Conclusions In this work the transport of water, methanol, carbon dioxide, and hydrogen ions through a porous anode has been characterized. The porous anode was impregnated with a PEM and contained a certain void volume to allow access of methanol and water through the depth of the electrode. The results of this model show that the kinetics of methanol oxidation and the active specific surface area are the primary limiting factors given the parameters associated with PtRu catalysts. The model can also predict the amount of methanol crossover through the membrane at given current densities and the necessary fuel flow rate to maintain water-soluble levels of carbon dioxide in the anode's liquid-filled pores. The second component is the equilibrium condition that is assumed to exist across the liquid-layer/bond-layer interface by the relationships
The concentration of species i on the bond-layer side of the interface can be related to the concentration on the liquid layer side of the interface with a partition coefficient
where K i is the partition coefficient of species i at the bond-layer/liquid-layer interface and c b i(2) is the concentration of species i within the bond-layer, adjacent to the liquid-layer/bond-layer interface.
The third component is the diffusion of species i across the bond-layer to the matrix surface 
Appendix B
In the bond layer the boundary condition for species at x ϭ L depends on the concentration of the species at the membrane/cathode interface. The concentration of methanol at the cathode is set to zero because it is assumed that the methanol is immediately oxidized upon reaching the cathode. The concentration of water is set to the membrane saturation value. The concentration of carbon dioxide is not set at the membrane/cathode interface but at the cathode/gas inlet interface. The boundary condition eliminates the concentration of carbon dioxide at the cathode from the exiting bond-layer flux equation.
The total flux of carbon dioxide across the membrane is a function of the concentration gradient across the membrane and the diffusion coefficient of carbon dioxide in the membrane 
